Multiple loop circuits interconnect the basal ganglia and the frontal cortex, and each part of the cortico-basal ganglia loops plays an essential role in neuronal computational processes underlying motor behavior. To gain deeper insight into specific functions played by each component of the loops, we compared response properties of neurons in the globus pallidus (GP) with those in the dorsal premotor cortex (PMd) and the ventrolateral and dorsolateral prefrontal cortex (vlPFC and dlPFC) while monkeys performed a behavioral task designed to include separate processes for behavioral goal determination and action selection. Initially, visual signals instructed an abstract behavioral goal, and seconds later, a choice cue to select an action was presented. When the instruction cue appeared, GP neurons started to reflect visual features as early as vlPFC neurons. Subsequently, GP neurons began to reflect goals informed by the visual signals no later than neurons in the PMd, vlPFC, and dlPFC, indicating that the GP is involved in the early determination of behavioral goals. In contrast, action specification occurred later in the GP than in the cortical areas, and the GP was not as involved in the process by which a behavioral goal was transformed into an action. Furthermore, the length of time representing behavioral goal and action was shorter in the GP than in the PMd and dlPFC, indicating that the GP may play an important role in detecting individual behavioral events. These observations elucidate the involvement of the GP in goal-directed behavior.
Introduction
Substantial structural interactions occur between the basal ganglia (BG) and the frontal cortex (Alexander et al., 1986; Flaherty and Graybiel, 1994; Inase and Tanji, 1994; Middleton and Strick, 2000; Graybiel, 2008) , requiring communication through each of the cortico-BG loops during multiple computational processes essential to behavior. Among them, the BG, lateral prefrontal cortex (lPFC), and premotor cortex (PM) are shown to play a crucial role in associating visual signals with actions in a goaloriented and adaptive manner (Graybiel et al., 1994; Wise et al., 1996; Asaad et al., 1998; Hollerman et al., 2000; Wise and Murray, 2000; Inase et al., 2001; Packard and Knowlton, 2002; HadjBouziane and Boussaoud, 2003; Wallis and Miller, 2003; Amiez et al., 2006; Cisek and Kalaska, 2010; Genovesio et al., 2012) . In humans, Toni et al. (2001) identified activity foci in the BG, PM, and lPFC when subjects performed hand gestures arbitrarily associated with visual objects. Toni et al. (2002) further revealed that novel visuomotor associations are established through the enhancement of cortico-basal ganglia circuits. In monkeys, Brasted and Wise (2004) showed that the neural representation of association learning between visual objects and movements progresses simultaneously in the PM and striatum. Miller and colleagues revealed that association learning in the striatum precedes that in the lPFC (Pasupathy and Miller, 2005) , whereas the lPFC plays a major role in abstract categorization of visual signals for saccadic eye movements (Antzoulatos and Miller, 2011) . Moreover, lesion studies established that the PM (Halsband and Passingham, 1985; Kurata and Hoffman, 1994) , lPFC (Wang et al., 2000) , and the connections between the BG and PM (Nixon et al., 2004) are crucially involved in the recall and learning of the visuomotor associations. All these observations indicate that the functional associations of the BG, PM, and lPFC are crucial in the visuomotor associations for goal-directed behavior.
To this line of research, we introduced a new experimental approach to explore mechanisms of goal-directed behavior by requiring subjects to select an action that conformed to a behavioral goal instructed by a visual signal. By examining neuronal activity of monkeys performing the novel behavioral task, we found several specific roles for the dorsal premotor cortex (PMd) and lPFC (Nakayama et al., 2008; Yamagata et al., 2009 Yamagata et al., , 2012 . We here examined the roles played by the BG by recording neurons from the globus pallidus (GP) of the same monkeys performing the same tasks. Because GP neurons were considered to carry signals at the output stage (the internal segment) and at the intermediate stage (the external segment) of a series of informa-tion processing within the BG, we considered that comparing response properties of the GP with those in the PMd and lPFC would lead to better understanding of the cortico-basal ganglia circuits. We show that GP neurons exhibit a unique spectrum of properties different from those of cortical neurons in retrieval of behavioral goals from visual signals and the specification of actions, which are two crucially important processes in goaldirected behavior.
Materials and Methods
Subjects and apparatus. The subjects were three monkeys (Macaca fuscata): two males, Monkeys 1 and 3, weighing 6.0 kg and 9.0 kg, and one female, Monkey 2, weighing 5.0 kg. We recorded neuronal activity from the left PMd of Monkey 1 and Monkey 2 and from the left GP and PFC of Monkey 1 and Monkey 3. All experiments were conducted according to the guidelines of the Tokyo Metropolitan Institute of Medical Science, Tamagawa University, and the National Institutes of Health. During the experimental sessions, each monkey sat in a chair facing a 19 inch video monitor equipped with a touch-sensitive screen. Each monkey used his or her right hand to touch the monitor and push a button in front of the chair; each monkey's head and left hand were restrained. Eye position was monitored with an infrared monitoring system (RHS-M; Applied Science Laboratories). The TEMPONET system (Reflective Computing) was used to control the behavioral task and to save data for off-line analyses at 1000 Hz.
Behavioral task. The monkeys were trained to perform two behavioral tasks: a symbolic cue task and a direct cue task. The two tasks alternated in blocks of 30 -60 trials. Trials of each task began when the monkey pushed the button and gazed at a fixation point (E; 1.4°in visual angle) that appeared at the center of the screen.
Symbolic cue task. This task was characterized by four behavioral phases separated in time (see Fig. 1A ): (1) encoding a visual object presented as an instruction cue; (2) retrieval of a behavioral goal associated with visual cues; (3) determination of an action based on the information of the retrieved behavioral goal and the spatial position of the choice cue; and (4) execution of an action. After the monkeys maintained their gaze on the fixation point for 1200 ms, an instruction cue (11°) was presented for 800 ms; this cue indicated that either the left or the right target should be selected (see Fig. 1B ) later in the task period, but it did not indicate the exact position of future targets. During this phase, the monkeys could determine only the relative position of the reach target (a behavioral goal) in the absence of specific information about the actual reach target because the choice cue, consisting of two potential targets, was presented at various positions on the screen (see Fig. 1C ). Each of the two male monkeys (Monkey 1 and Monkey 3) selected a target on the right when a green circle or yellow square was presented or selected a target on the left when a red diamond or blue cross was presented (see Fig. 1B ). For the female monkey (Monkey 2), a green circle and a red diamond specified the selection of the right and left targets, respectively. These cues were presented randomly. If the monkeys gazed at the fixation point for 1200 ms during the subsequent instructed delay period, a choice cue consisting of two gray squares (size of each box, 7°; 11°apart between the centers) randomly appeared at one of six different locations on the screen (see Fig.  1C , from 0 -1 to 5-6). At this stage, the monkeys could determine, for the first time, where to reach on the screen (an action; see Fig. 1C , T1-T5 with T3 at the center of the screen) by transforming the behavioral goal into an action on the basis of the choice-cue position. The positions 0 and 6 were never used as reach targets to keep the target positions identical (T1-T5) for the right and left behavioral goals. If the monkeys gazed at the choice cue for Ն300 ms at the end of the choice-cue period, which lasted for 1500 -2500 ms, the color changed from gray to white, serving as the GO signal. If not, the onset of the GO signal was postponed until the fixation requirement was fulfilled. When the monkey reached for the correct target within the next 1.5 s, the monkey received a fruit juice reward 500 ms after touching a correct target.
Direct cue task. This task allowed the monkey to determine an action after the instruction cue was presented (see Fig. 1D ). The temporal sequence of behavioral events and the gaze requirements were identical to those of the symbolic cue task. The only difference was that the instruction cue and the set cue were both a square that appeared at one of five different locations on the screen (see Fig. 1E ). Because the set cue reappeared at an identical location as the instruction cue in each trial, the monkeys could determine where to go (the action) once the instruction cue was presented.
Surgery and physiological recording. After completion of the behavioral training, aseptic surgery was performed under pentobarbital sodium anesthesia (20 -25 mg/kg, i.v.) with atropine sulfate. Antibiotics and analgesics were used to prevent postsurgical infection and pain. Polycarbonate screws were implanted in the skull, and two plastic pipes were rigidly attached with acrylic resin, which were used to securely fix the head during the daily recording session. A part of the skull was removed, and a recording chamber was implanted.
To record from neurons in the cerebral cortex, we used glass-insulated Elgiloy-alloy microelectrodes (0.5-2.0 M⍀ at 1 kHz), which were inserted through the dura mater using a hydraulic microdrive (MO-81-S; Narishige). To record from neurons in the GP, we used glass-coated tungsten microelectrodes (2.0 M⍀ at 1 kHz; Alpha Omega Engineering) placed in a 23-gauge guide tube. We inserted the electrodes in the dorsoventral direction through the guide tubes, which were aimed using a grid with holes 1 mm apart. Electrode movement was controlled using a hydraulic microdrive (MO-97A; Narishige). Single-unit potentials were amplified with a multichannel processor and sorted using a multispike detector (MCP Plus 8 and ASD; Alpha Omega Engineering).
Recording sites were verified by examining magnetic resonance (MR) images (1.5 T; Sonata; Siemens). Tubes containing contrast agent were placed at 5 mm intervals in the grid used for the physiological recordings to accurately identify recording sites in the brain images.
Classification of neuronal activity. To detect neurons exhibiting taskrelated activity, we first counted the number of spikes from each neuron during successive 200 ms bins constituting the following five task events: instruction-cue presentation (10 bins; four before, one around, and five after the instruction-cue onset); choice-cue presentation (10 bins; four before, one around, and five after the choice-cue onset); GO-signal presentation (five bins; four before, and one around the GO-signal onset); movement execution (four bins; one before, one around, and two after the movement onset); and reward delivery (nine bins; four before, one around, and four after the delivery onset). We defined a neuron as "task related" if the discharge rate (in spikes/s) distribution significantly differed in at least one of the 10 trial types in the symbolic-cue task (see Figure 1C , five positions of the target on the screen, T1-T5, each of which could be associated with a left or right target; ANOVA, p Ͻ 0.001, uncorrected). All neurons in the database (GP, n ϭ 1002; PMd, n ϭ 773; ventrolateral prefrontal cortex [vlPFC] , n ϭ 358; dorsolateral prefrontal cortex [dlPFC] , n ϭ 791) were confirmed to be task related and were sampled in Ͼ50 trials.
For activity during each of the successive 200 ms bins, we initially used a one-way ANOVA ( p Ͻ 0.01) to analyze spike-count data in each bin by examining the four visual stimuli to identify activity selective for the visual objects used as instruction cues (i.e., cue-selective activity). For neurons with cue-selective activity, we used a t test with Bonferroni's correction (␣ ϭ 0.005), in which we compared activities in response to the left-instruction cue (red diamond vs blue cross) or to the rightinstruction cue (green circle vs yellow square). If the activities significantly differed in either comparison, the cue-selective neuron was judged as OBJECT selective; in other words, the OBJECT neurons were neurons responding differently to two objects instructing an identical behavioral goal.
For activity without OBJECT selectivity, we first applied a two-way ANOVA to examine selectivity for the behavioral goal (i.e., left or right side of the choice cue) or the action (i.e., the five target positions on the screen). Based on these analyses, we classified neuronal selectivity into four categories: (1) behavioral goal only (behavioral goal, p Ͻ 0.01; action, p Ն 0.01; and behavioral goal by action, p Ն 0.01); (2) action only (behavioral goal, p Ն 0.01; action, p Ͻ 0.01; and behavioral goal by action, p Ն 0.01); (3) selective for both (behavioral goal, p Ͻ 0.01 and action, p Ͻ 0.01; or behavioral goal by action, p Ͻ 0.01); and (4) nonselective (behavioral goal, p Ն 0.01; action, p Ն 0.01; and behavioral goal by action, p Ն 0.01). Neuronal activity classified as both may play a role in representing the location of the choice cue or in integrating the cue location with the behavioral goal. To investigate these possibilities, we performed a second two-way ANOVA with neuronal activity classified as both to examine two main factors: the choice-cue location and the behavioral goal. For these analyses, we used the data obtained with the cues at positions 1-5 in Figure 1C . We excluded data from trials in which the choice cue included positions 0 and 6 (see Fig. 1C ) that were never used as reach targets because it was impossible to determine whether activity integrated the choice-cue location with the behavioral goal or just represented the choice-cue location. The second analysis resulted in the identification of two classes of activity: (1) activity selective only for the choice-cue locations (choice cue, p Ͻ 0.01; behavioral goal, p Ն 0.01; and choice cue by behavioral goal, p Ն 0.01); and (2) activity selective for both the choice-cue locations and the behavioral goal (choice cue, p Ͻ 0.01, and behavioral goal, p Ͻ 0.01; or choice cue by behavioral goal, p Ͻ 0.01). The results of the two sets of ANOVAs classified activity without OBJECT selectivity into five categories: (1) selective only for the behavioral goal, (2) selective only for the action, (3) selective only for the choice-cue location, (4) selective for the choice-cue location and the behavioral goal (mixed selectivity), and (5) selective for neither.
Overall, the above analyses led to the classification of neuronal activity into six categories: (1) selective for the visual object, (2) selective only for the behavioral goal, (3) selective only for the action, (4) selective only for the choice-cue location, (5) selective for the choice-cue location and the behavioral goal (mixed selectivity), and (6) selective for none.
Results
While the monkeys performed the tasks, we recorded neuronal activity in the GP of the left hemisphere (Fig. 1F ) . We approached the GP vertically in the dorsoventral direction to securely record neurons in the dorsal aspect of the GP (Yoshida and Tanaka, 2009), which is interconnected with the frontal association cortex. The GP was identified based on the depth profile of microelectrode penetrations, MR images (Fig. 1F ) , and discriminative firing patterns. Before the electrodes entered the GP, where neurons have high tonic firing rates (DeLong, 1971) , they traveled through the internal capsule or the striatum, where neuronal spikes are virtually absent or neurons have low spontaneous firing rates (Crutcher and DeLong, 1984) .
We sampled the activity of every neuron that we encountered. As a result of off-line analyses, 1002 GP neurons (n ϭ 477 in Monkey 1 and n ϭ 525 in Monkey 3), 50% of all GP neurons that we encountered during the experimental sessions were found to be "task related." Success rates during the behavioral task exceeded 95% for each monkey; error rates were 3% for Monkey 1, 4% for Monkey 2, and 3% for Monkey 3. We analyzed the activity of GP neurons during successful trials and compared the response properties of neurons in the GP with those in the PMd and lPFC (Nakayama et al., 2008; Yamagata et al., 2009 Yamagata et al., , 2012 Fig. 1G) . In each area, we recorded neurons from two monkeys; neurons in GP, dlPFC, and vlPFC were recorded from Monkey 1 and Figure 1 . Behavioral tasks, instructions, cue locations, and recording sites. A, Temporal sequence of behavioral events in the symbolic-cue task. B, Visual signals used to designate the selection of left or right in the forthcoming choice cue. C, Choice-cue and reach-target locations on the screen. For the choice cue, two gray squares appeared at neighboring positions (locations 0-6, depicted with dotted squares). The target position was selected from five potential targets (T1-T5), which were either the left or right component of the choice cue. T3 was located at the center of the screen, aligned with the center of the monkey's body. D, Temporal sequence of behavioral events in the direct-cue task. E, Instruction, set-cue, and reach-target locations on 4 the screen in the direct-cue task. The position was selected from five potential targets (T1-T5) as in the symbolic cue task (shown in C). F, Localization of recording sites with magnetic resonance images from Monkey 1. Monkeys were scanned with tubes containing contrast agent (asterisks) in place in the grid (at intervals of 5 mm). Top, Coronal plane. The recording sites (at intervals of 1 mm, brown vertical lines) were verified based on grid coordinates with holes every 1 mm and on electrode depth measurements. The GP is depicted with dotted lines. Bottom, Position of recording sites (brown dots) and tubes containing contrast agent (white asterisk) that projected onto a horizontal plane through the recording site. Numbers indicate the distance from the interaural line in the rostrocaudal (top) and dorsoventral axis (bottom). Cd, Caudate; Put, putamen. G, Cortical map of the recorded areas. Neurons from the PMd (blue), dlPFC (red), and vlPFC (orange) were analyzed. PS, Principal sulcus; AS, arcuate sulcus; CeS, central sulcus. Scale bar, 10 mm.
Monkey 3, and neurons in PMd were from Monkey 1 and Monkey 2. Monkey 2 was able to perform the task relying only on the two instruction objects (i.e., a red diamond and a green circle). Thus, we could analyze the object feature selectivity in PMd neurons recorded only from Monkey 1. However, we consider that this does not affect the main conclusions of the present study because the PMd neurons are shown to be generally not selective for the visual object features (Wallis and Miller, 2003) as verified in Monkey 1 in the present study (Nakayama et al., 2008; Yamagata et al., 2012) .
Based on the reconstruction of the recording sites, it was found that 808 task-related neurons were in the GPe and 194 task-related neurons were in the GPi. Examination of temporal profiles of the task-selective neurons and of the timing of the selectivity development, whose results are described in detail in the following sections, revealed that response properties of GPe and GPi neurons were not significantly different. Thus, we show the results of total GP neurons together, including the external and internal segments of the GP, unless otherwise stated.
Examples of neuronal activity in the GP in response to the instruction cue and choice cue
After instruction-cue presentation, the monkeys could determine the behavioral goal based on the visual object. Figure 2 illustrates two examples of neuronal responses observed in the GP. The first type of activity reflected the visual features of the object presented as an instruction cue. The GP neuron in Figure  2A showed a transient decrease in activity after a red diamond appeared, whereas its activity increased after the appearance of a blue cross. The second type of responses to the instruction cue is shown in Figure 2B . In this example, the activity transiently decreased when a red diamond or blue cross was presented. As explained in the following section, we interpreted the second type of response as primarily indicating the behavioral goal of reaching to the left target in the example displayed in Figure 2B .
In the task period after the appearance of the choice cue, the monkeys could specify the action (i.e., the location of the correct reach target on the screen) based on the behavioral goal and the choice-cue location. We found that a subset of GP neurons began to reflect the action after choice-cue onset. The neuron presented in Figure 3 showed a transient increase in neuronal activity when the choice cue was given, and the activity depended on the position of the correct reach target; the activity was greater when the target to be reached was in the center (T3) or on the right side (T4 and T5) of the screen regardless of the behavioral goals.
The three examples of neurons described above prompted us to look into the possibility that the GP is involved in progressive stages of the perception-action transformation, including behavioral goal determination and action specification. Thus, in the present study, we focused on neuronal activity from the instruction-cue onset until the GO-signal onset. Neuronal activity after the GO-signal onset is a subject of another report.
Population analysis of GP neuron activity after instruction-cue presentation
To examine the time course of population responses of GP neurons to the instruction cue and the choice cue and their relation to behavioral factors, we performed an ANOVA on the activity of individual neurons in each 200 ms bin beginning from the trial start and ending at the GO signal onset (i.e., from 900 ms before the onset of the instruction cue to 100 ms after the onset of the GO signal). We then constructed the time-dependent distribution histograms of neurons exhibiting selectivity to each of the following behavioral factors: instruction-cue object, behavioral goal, choice-cue location, both the behavioral goal and choicecue location, and action. The time course of the appearance of neurons exhibiting each type of selectivity is presented in the histogram shown in Figure 4A for the total GP neurons. After the instruction-cue presentation, 30 neurons (3%) were classified as selective for visual objects ( Fig. 4A ; green bars), and 67 neurons (7%) were classified as selective for behavioral goals (blue bars) in Figure 2 . Representative neurons selective for a visual object (A) and behavioral goal (B) in the symbolic cue task. A, Activity of this GP neuron decreased when a red diamond was presented, whereas it increased when a blue cross was presented as an instruction cue. B, Activity of this GP neuron decreased when either a red diamond or a blue cross was presented. A, B, Neuronal activity was sorted according to the visual object identity. Rasters and spike density functions (smoothed using a Gaussian kernel; ϭ 10 ms, mean Ϯ SEM) indicate activity in sorted trials. The ordinate represents the instantaneous firing rate (in spikes/s). Neuronal activity was aligned with the onset of the instruction cue. The pink areas on the left indicate when the instruction was presented, and the blue areas on the right represent the earliest presentation period of the choice cue. The tick marks on the horizontal axis are placed at 200 ms intervals.
the first 200 ms bin after the instruction-cue onset (i.e., 101-300 ms after instruction-cue presentation). Figure 4B , C shows the same set of data separately for the GPe (Fig. 4B) and GPi (Fig.  4C) . The distribution of either object or goal neurons was not different between the GPe and GPi during the period of 101-300 ms after the instruction-cue onset (Binomial test, p Ͼ 0.5).
To investigate the possibility that the neurons classified as goal selective merely responded to two of the four objects, we examined the two objects that led to the highest and second highest activity. This analysis revealed that the combination of a red diamond and a blue cross or of a green circle and a yellow rectangle elicited the highest and second highest activity, respectively, in 69% (n ϭ 66) of the GP neurons that differentially responded to the four instruction cues (n ϭ 88; one-way ANOVA, p Ͻ 0.01). This value exceeded the chance occurrence rate (33%; binomial test, p Ͻ 0.0001). Because both of these object combinations were associated with a particular behavioral goal (left or right), the result suggests that cue-selective neuronal responses in the GP are generally biased toward a behavioral goal.
Our previous studies demonstrated that neurons in the PMd, dlPFC, and vlPFC also represent goals and visual objects after instruction-cue onset (Nakayama et al., 2008; Yamagata et al., 2012) . Using the data in these studies and the data in the current study, we compared the proportion of neurons in the GP and cortical areas (i.e., PMd, dlPFC, and vlPFC) that were selective for goals and visual objects. Of the 97 neurons selective for goals (n ϭ 67) or objects (n ϭ 30) in the GP, 31% reflected object features ( Fig. 5A ; Table 1 ). The object neurons were observed more frequently in the GP than in the PMd or dlPFC (Fisher's exact test, p Ͻ 0.05; Table  1 ), whereas they were less frequent in the GP than in the vlPFC ( p Ͻ 0.01). These results indicate that the extent of cueobject representation in the GP was intermediate between the values obtained in the vlPFC and in the PMd or dlPFC.
We subsequently examined the magnitude and development of selectivity for the visual objects and goals. For this purpose, we first performed the same ANOVA as above, comparing activity after calculating inverse interspike intervals at a resolution of 10 ms . We then assessed the initial time point at which neurons began to exhibit selectivity for object features or goals for at least three consecutive 10 ms bins. The initial time point was defined as the onset of selectivity. For neurons with an onset of selectivity of Յ300 ms, we investigated population selectivity separately for excited and inhibited responses. To do that, we first defined an object or an instructed goal that led to the greatest changes in activity (during the 300 ms period after cue onset) from the control period (during the 500 ms period preceding cue onset) as the preferred object or goal. When the activity was greater (smaller) than that during the control period, the neuron was considered to exhibit excited (inhibited) responses. For the excited (inhibited) neurons, the nonpreferred object or goal was defined as the one that led to the lowest (highest) discharge rate. We then computed the activity difference between the preferred and nonpreferred object or goal for each 10 ms and plotted the results separately for the excited and inhibited responses.
Population selectivity showed that both the excited and inhibited responses of GP neurons represent both the visual objects and the goals. We examined the time course of selectivity development by defining it as the point at which the activity modulation exceeded the mean Ϯ 4 SD of the baseline period. The responses representing the objects began at 110 ms for excited neurons (n ϭ 10; Fig. 6A ) and at 170 ms for inhibited neurons (n ϭ 7; Fig. 6A ). The absolute magnitude of object selectivity for excited neurons reached 40 spikes/s at 170 ms after the instruction-cue onset, whereas that for inhibited neurons reached 47 spikes/s at 220 ms. The responses representing the goals began at 140 ms for excited neurons (n ϭ 26; Fig. 6B ) and at 160 ms for inhibited neurons (n ϭ 31; Fig. 6B ). The absolute magnitude of goal selectivity for excited neurons reached the Figure 3 . Neuronal activity reflecting action in the symbolic cue task. In this display, neuronal activity is sorted according to the location of the target on the screen (Fig. 1C, T1 -T5 rows) as well as to the instructions signaling a left or right future target (left and right columns). This neuron exhibited progressively greater activity after choice-cue presentation as the reach target was placed in positions farther to the right (marked with arrows). Neuronal activity was aligned to the onset of the instruction, choice cue, GO signal, and movement. The pink areas on the left indicate when the instruction was presented, and the blue areas on the right represent the choice-cue presentation period. The location of the choice cue is shown in parentheses (Fig. 1C) .
peak of 16 spikes/s at 230 ms after the instruction-cue onset, whereas that for inhibited neurons reached 21 spikes/s at 350 ms. These results revealed that both excited and inhibited responses of GP neurons promptly began to represent the object features and the goals after the instruction-cue appearance.
Using the measure of the onset of selectivity as defined above, we compared the development of object and goal representations in the GP with that in the cortical areas (Fig. 7A) . As for the object selectivity, the median was 150 ms in the GP and 200 ms in the vlPFC ( Table 2 ). The timing of the development in the GP was not significantly different from that in the vlPFC (Kolmogorov-Smirnov test, p Ͼ 0.05). We subsequently compared the development of goal representation in the GP and the PMd, vlPFC, and dlPFC. The median was 200 ms in the GP, 180 ms in the vlPFC, 210 ms in the dlPFC, and 190 ms in the PMd (Table 2 ). The timing was not significantly different between the GP and each of the three cortical areas (KolmogorovSmirnov test, p Ͼ 0.05, Fig. 7B ). These results revealed that the GP began to represent visual objects and behavioral goals no later than the vlPFC, dlPFC, or PMd.
GP neuron activity after choice-cue presentation GP neurons continued to be selective for behavioral goals after the choice cue was presented. The number of goal-selective neurons during the post-choice-cue period (n ϭ 69, 101-300 ms after the cue onset) was no smaller than the number in the precue period (n ϭ 70, Ϫ299 to Ϫ100 ms preceding the cue). We further studied whether the goal-selective neurons observed in the prechoice-cue period and postchoice-cue period belonged to the same population. We found that, among the 97 neurons selective for the goal around the choice-cue onset (Ϫ99 to ϩ100 ms relative to the onset), only 23 (24%) neurons continued to be goal selective after the choice-cue onset (101-300 ms relative to the onset; Fig. 8 ; Table 3 ). These data indicate that a distinct population of neurons began to encode the goals after the choice-cue onset. This result is in accord with findings obtained in the PMd, vlPFC, and dlPFC ( Fig. 8; Table 3 ); in the same comparison, 22% of PMd neurons (n ϭ 44 of 203), 0% of vlPFC neurons (n ϭ 0 of 34), and 29% of dlPFC neurons (n ϭ 35 of 119) continued to be goal selective after the choice cue onset.
In addition to the goal-selective neurons, three types of neurons were newly . Distribution of selective neurons in the GP, PMd, vlPFC, and dlPFC. Pie charts summarize the proportion of neurons classified into five categories using an ANOVA. Two sets of data are shown during 101-300 ms after the onset of instruction (A) and during 101-300 ms after the onset of choice cue (B). Each category is color-coded, which is indicated in the inset. Green, object neurons; blue, goal neurons; gray, neurons selective for the choice-cue location; yellow, neurons selective for both goal and choice-cue location; red, action neurons.
observed during the postcue period: (1) neurons selective for the choice-cue location, (2) neurons selective for both the behavioral goal and the choice-cue location (mixed selectivity), and (3) neurons selective only for the action (Fig. 4A for the total GP neurons). During the 101-300 ms after the choice-cue onset (Fig.  5B) , 99 neurons were selective for the action, whereas 36 neurons were selective for the choice-cue location, and 23 neurons for both the behavioral goal and the choice-cue location (Table 4) . Figure 4B , C shows the same set of data separately for the GPe (Fig. 4B) and GPi (Fig. 4C) . The distribution of neurons with each type of selectivity was not different between the GPe and GPi (Binomial test, p Ͼ 0.05) during the period of 101-300 ms after the cue onset.
We attempted to compare the distribution of these different types of activity during the postcue period in the GP with the distribution observed in the frontal cortex by comparing the occurrences of task-selective neurons during the early part of the choice-cue period (the first bin, i.e., 101-300 ms after the cue onset). The overall distribution of task-selective neurons in the GP was comparable with those in the dlPFC (Fisher's exact test, p Ն 0.1; Fig. 5B ). In contrast, the distribution among GP neurons differed from the distribution reported in the vlPFC and the PMd. Neurons selective for the choicecue location were found more frequently in the vlPFC than in the GP (Fisher's exact test, p Ͻ 0.01; Table 4 ), and neurons with mixed selectivity for both the goal and the choice-cue location were more frequent in the PMd than in the GP ( p Ͻ 0.01; Table 4 ). Furthermore, out of neurons selective for the goal around the choice cue onset (Fig. 8 , column A, blue), fewer neurons in the GP than in the PMd exhibited selectivity for a mixture of the goal and the choice-cue location after the choice-cue onset (Fig. 8 , column B, yellow; Table 3 ; Fisher's exact test, p Ͻ 0.01), suggesting that goal representation in the GP is only rarely used for the direct interaction between the goal and the choice-cue location. For the action-selective neurons in the GP, we subsequently investigated the time course of the postcue development of selectivity among the population of neurons belonging to that category. After performing the same ANOVA as above on activity after calculating inverse interspike intervals with a resolution of 10 ms, we examined an initial time point (i.e., the onset of action selectivity) at which a neuron began to exhibit action selectivity for at least three consecutive 10 ms bins after the choice-cue onset. For neurons with a selectivity onset of Յ300 ms, we investigated population selectivity separately for excited and inhibited responses. We defined an action (i.e., the target position on the screen) that led to the greatest changes in activity (during the 300 ms period after the choice-cue onset) from the control period (500 ms period preceding the choicecue onset) as the preferred action. When the activity was greater (smaller) than that during the control period, the neuron was considered to exhibit excited (inhibited) responses. For the excited (inhibited) neurons, the nonpreferred action was defined as the action with the lowest (highest) discharge rate. We then calculated the difference in activity between the preferred and nonpreferred actions for each 10 ms and plotted the results separately for the excited and inhibited responses (Fig. 6C) .
We subsequently examined the latency of the development of action selectivity by defining it as the point at which the activity modulation exceeded the mean Ϯ 4 SD of the baseline period. Data indicate the number of neurons exhibiting selectivity to the objects and to the behavioral goals 101-300 ms after the instruction-cue onset; values in parentheses indicate the percentage of neurons out of the total of the object-and goal-neurons. *p Ͻ 0.05, **p Ͻ 0.01 between the GP and each cortical area (Fisher's exact test) .
The responses representing the action began at 110 ms for excited neurons (n ϭ 46; Fig. 6C ) and at 140 ms for inhibited neurons (n ϭ 28). The absolute magnitude of action selectivity for excited neurons reached the peak of 28 spikes/s at 260 ms after the choice-cue onset, whereas that for excited neurons reached the peak of 27 spikes/s at 220 ms. These results revealed that both excited and inhibited responses of GP neurons promptly began to represent the actions after the choice cue appearance.
Using the measure of the onset of action selectivity described above, we compared the development of action selectivity in the GP with that in the vlPFC, dlPFC, and PMd. Figure 7C shows a cumulative distribution of the onset of action selectivity among neurons in these areas. The median was 200 ms in the GP, whereas it was 170 ms in the vlPFC, dlPFC, and PMd (Table 2) . Action representation in the GP developed later than it did in the vlPFC, dlPFC, and PMd (Kolmogorov-Smirnov test, p Ͻ 0.05; Fig. 7C ). These results revealed that action representation initially developed in the cortical areas, followed by the GP.
Visuospatial responses of GP neurons
The above observation that action selectivity developed later in the GP than in the cortical areas raised the intriguing possibility that the visuospatial information itself may reach the GP later than it reaches the cortical areas. To investigate this, we examined the visuospatial responses in the direct cue task (Fig. 1D) . In this task, a visual signal was presented in one of five horizontal arrays (Fig. 1E) while the monkeys gazed at a fixation point. After calculating inverse interspike intervals with a resolution of 10 ms, we performed a one-way ANOVA with the five positions as independent variables. We then identified an initial time point at which a neuron began to exhibit selectivity for the spatial position for at least three consecutive 10 ms bins and defined this as the onset of visuospatial selectivity. For neurons with a selectivity onset of Յ300 ms, we computed the population selectivity (Fig. 6D ) in the same manner as for the action selectivity (Fig. 6C) ; the only difference was that the instruction-cue position in the direct cue task (Fig. 1E, T1-T5 ) was used instead of the action in the symbolic cue task (Fig. 1C, T1-T5) . The results show that excited responses in the GP began 110 ms after the cue onset (n ϭ 42, Fig. 6D ), whereas inhibited responses in the GP began 190 ms after the onset (n ϭ 29). The absolute magnitude of visuospatial selectivity for excited neurons reached the peak of 24 spikes/s at 170 ms after the instruction-cue onset, whereas that for inhibited neurons reached the peak of 22 spikes/s at 230 ms. These results revealed that the visuospatial information was promptly encoded by both excited and inhibited responses of GP neurons after the cue appearance. Finally, using the measure of the onset of visuospatial selectivity, we compared the development of visuospatial representation in the GP with that in the vlPFC, dlPFC, and PMd (Fig. 7D) . The median was 180 ms in the GP, whereas it was 150 ms in the vlPFC, dlPFC, and PMd (Table 2) . Thus, the development of visuospatial selectivity in the GP tended to follow that in the cortical areas. The statistical analysis revealed that development in the GP was significantly later than that in the PMd (Kolmogorov-Smirnov test, p Ͻ 0.05; Fig. 7D ). Figure 9 shows the distributions of the neurons selective for the visual object, behavioral goal, and action separately for the GPe and GPi; the selectivity was identified via ANOVA applied to the activity of the 200 ms bins (Fig. 4) . After the onset of the instruction and choice cues, neurons coding the behavioral goal were found primarily at the center of the rostrocaudal and mediolateral axes of the GPe and GPi (Fig. 9 A, B) . Although the distribution of object neurons largely corresponded to that of goal neurons, a subset of object neurons was observed at the caudal part the GPi (Fig. 9C ). Similar to goal neurons, neurons selective for action during the choice-cue period were localized in the central portion of the GPe and GPi (Fig. 9D) .
Spatial distribution of selective activity

Duration of neuronal representations for behavioral goal and action
From a theoretical perspective (Houk and Wise, 1995) , it was of interest to know how long the selectivity of GP neurons for key behavioral elements was held during successive stages in the behavioral task. We compared the duration of goal and action representations among GP neurons with that among PMd, dlPFC, and vlPFC neurons. After performing the ANOVA at a resolution of 10 ms, we then assessed the initial time point at which neurons began to exhibit selectivity for goal or action at least three consecutive 10 ms bins (the onset of selectivity) and the first time point at which neurons ceased to exhibit selectivity for goal or action at least three consecutive 10 ms bins (the offset of selectivity).
The distributions of goal selectivity in time after the instruction-cue onset are shown for neurons in the GP (Fig. 10A) , PMd (Fig. 10B), vlPFC (Fig. 10C) , and dlPFC (Fig. 10D) ; the blue dots indicate the time points at which each neuron was selective for the goals. We determined the duration of goal selectivity for each neuron by finding the onset and the offset of goal selectivity. The cumulative distributions of goal selectivity summarized for each area (Fig. 10E) revealed that the duration of the GP neurons Figure 8 . Time-dependent selectivity of each neuron for each behavioral factor. For each 200 ms time bin in the task period, individual neuron properties were classified into one of six categories based on their specific selectivity for each of the behavioral factors. Activity profiles of individual neurons are displayed consecutively. Each row represents data from a single neuron. Data from the GP, PMd, vlPFC, and dlPFC are displayed separately. In each panel, neurons were sorted according to selectivity at the choice-cue onset (A). To the right of each panel, we compared the selectivity of each neuron in two distinct bins (at A and B). Different colors indicate the selectivity for the object (Obj, green), behavioral goal (BG, blue), choice-cue location (Ch, gray), combined behavioral goal and choice-cue location (BC, yellow), action (Ac, red), and the nonselective neuron (ns, black). The numbers in parentheses indicate the number of neurons in each group.
was significantly shorter than that of the PMd and dlPFC neurons (Kolmogorov-Smirnov test, p Ͻ 0.0001), whereas the duration was not significantly different between the GP and vlPFC neurons ( p ϭ 0.3403).
We subsequently examined the duration of action selectivity after the choice-cue onset. The distributions of action selectivity in time are shown for neurons in the GP (Fig. 10F ) , PMd (Fig.  10G), vlPFC (Fig. 10H ) , and dlPFC (Fig. 10I ) ; the red dots indicate the time points at which each neuron was selective for the actions. Based on this analysis, we determined the duration of action selectivity for each neuron. The cumulative distributions of the action durations summarized for each area (Fig. 10J ) revealed that the duration of action selectivity of the GP neurons was significantly shorter than that of the PMd, vlPFC, and dlPFC neurons (Kolmogorov-Smirnov test, p Ͻ 0.0001 for PMd, p ϭ 0.0120 for vlPFC, p ϭ 0.0002 for dlPFC).
These analyses revealed that the durations of the neuronal representations for both the behavioral goal and the action were shorter in the GP than in the PMd and dlPFC, whereas the durations of the neuronal representations only for the action were shorter in the GP than in the vlPFC.
Discussion
We compared the response of neurons in the dorsal GP with those in the PMd and lPFC while monkeys performed a task requiring the retrieval of abstract behavioral goals and the specification of forthcoming actions to achieve those goals. We found that GP neurons exhibited activity representing task-relevant signals in common with neurons in the PMd and lPFC. In contrast, several specific aspects of GP neuronal activity differed from those of neurons in these cortical areas. Functional implications of these findings are discussed below.
Representation of visual objects and visuospatial signals in the GP
We found that GP neurons represented features of visual objects. A subset of object-selective neurons was found in the caudal and lateral portion of internal segment of the GP. The inferotemporal cortex projects to the ventral region of the middle to caudal portion of the striatum (Webster et al., 1993; Middleton and Strick, 1994; Cheng et al., 1997) , where neurons respond to visual stimuli in an object-selective manner (Caan et al., 1984; Brown et al., 1995; Yamamoto et al., 2012) . Because of this topographical organization, this striatal portion appears to project to the caudal part of the GPi, where we observed object neurons (Alexander and Crutcher, 1990; Gimenez-Amaya and Graybiel, 1990; SaintCyr et al., 1990; Flaherty and Graybiel, 1993; Mink and Thach, 1993; Parent and Hazrati, 1995a, b; Kaneda et al., 2002) . Another subset of object neurons was found in the dorsal portion of the GP. These neurons may receive inputs from the ventral prefrontal cortex, where object information is well represented (Scalaidhe et al., 1997) . By examining the response latency, we found that object feature representation appeared indistinguishably in the GP and vlPFC, although the median value for GP neurons was shorter than that for vlPFC neurons by 50 ms. If we could compare more numerous neurons, we might have found that the latency was shorter in the GP than in the vlPFC. In either case, the prompt response in the GP may originate from the enhanced coupling between the inferotemporal cortex and the striatum that is shown in subjects who have learned visuomotor associations (Toni et al., 2002) .
We also found that GP neurons represent visuospatial signals (Kato and Hikosaka, 1995; Shin and Sommer, 2010) . The visuospatial neurons responding to the choice cue were centered rostrocaudally on the middle portion of the dorsal GP, which projects across synapses to the premotor cortex and the lPFC (Middleton and Strick, 2002; Saga et al., 2011) . Thus, spatial information may originate from the premotor cortex as well as from the posterior parietal cortex (Selemon and Goldman-Rakic, 1985) . In the direct-cue task, the visuospatial responses tended to appear later in the GP than in the PMd and lPFC, suggesting that the GP may not play a major role in initiating prompt responses to visuospatial signals in these cortical areas. Furthermore, in the symbolic-cue task, neurons reflecting the choice-cue location were found less frequently in the GP than in the vlPFC. This result, together with our finding that the object-selective GP neurons responding to the instruction cue appeared less frequently than in the vlPFC, indicates that GP neurons are less readily driven by visual signals than are vlPFC neurons. This may be attributable to the fact that the GP receives major inputs from the cerebral cortex indirectly via the subthalamic nucleus and the striatum (Hazrati and Parent, 1992; Ryan and Sanders, 1994; Maurice et al., 1998 Maurice et al., , 1999 Nambu et al., 2000; Kita et al., 2004; Tachibana et al., 2008) .
Development of abstract behavioral goals in the GP
BG involvement in associating visual signals with actions has been established in both monkeys and humans (see Introduc- tion). In these studies, however, once an instruction cue was presented, the subjects could determine the actual movements themselves. In contrast, the design of our behavioral task allowed us to dissociate neuronal activity reflecting abstract behavioral goals from that reflecting physical actions. We found that a subset of GP neurons represent behavioral goals in advance of the specification of motor action. Furthermore, behavioral goal development in the GP was comparable with that in vlPFC, dlPFC, and
PMd. These findings indicate that the GP is involved in the initial stages of the computations involved in retrieving behavioral goals from visual instruction signals when associations are established. Clinical studies have reported that BG dysfunction results in deficits in cognitive processes (Mendez et al., 1989; Dubois and Pillon, 1997; Crucian and Okun, 2003; Uc et al., 2005) . The loss of neurons representing abstract aspects of behavior may underlie these deficits. Figure 9. Density distributions of cue-responsive neurons in the GP in the symbolic cue task. Horizontal (right) and sagittal (middle) section maps of the GPe (top) and GPi (bottom) and show the distribution of neurons selective for the behavioral goal (A, B), the visual object (C), and the action (D). The distribution is expressed as the number of neurons with significant selectivity during 101-300, 301-500, 501-700, or 701-900 ms after the cue onset (Fig. 4) . The fraction was calculated after each neuron projected into the horizontal (right) and sagittal (middle) planes. Data from two animals are overlaid with reference to the central portion of each GPe and GPi. The color scale indicates the fraction of selective neurons (among all task-related neurons within each miniature portion). Left, Histogram adds the total number of selective neurons within each 1-mm-thick GP slice vertical to the rostrocaudal axis. A, bottom right, Line drawings inset indicates approximate spatial locations of GPe (green) and GPi (yellow) along the mediolateral and rostrocaudal axis. In our previous studies, we found that goal representation in the PMd developed 60 ms later than the visuospatial representation (Yamagata et al., 2009 ). An intriguing possibility is that the slow development of goal representation is the result of BG involvement in the goal-retrieval process, whereas the more rapid development of visuospatial signals originates from direct inputs from the posterior parietal cortex to the PMd (Johnson et al., 1996; Matelli et al., 1998; Rozzi et al., 2006) .
The task design of the present study did not allow us to distinguish neurons that integrate object features and goals (Asaad et al., 1998) from those that simply represent the object features themselves because both types of neurons were classified as object neurons. It also did not allow us to detect neurons that primarily represent goals and secondarily object features. These issues should be examined in the future.
Action specification in the GP
After the choice-cue presentation, GP neurons began to reflect information about the choice-cue location, mixed representation of the choice-cue location and behavioral goal, and action to be selected. However, among these neurons, those selective for a mixture of the choice-cue location and the behavioral goal were less frequent in the GP than in the PMd, indicating that the GP may not actively participate in the transformation process. The relatively late temporal development of action representation supports this view. In general, GP action representation develops ϳ30 ms after the appearance in the PMd and lPFC. Furthermore, Muhammad et al. (2006) reported that behavioral responses tended to begin earlier in the PMd than in the striatum in a visuomotor task using the GO/NO-GO paradigm. Seo et al. (2012) revealed that the representation of the selected action occurred earlier in the lPFC than in the dorsal striatum. These observations suggest that, when action is determined based on visual signals, the action command is initially specified in cortical areas, such as the PMd and lPFC, and this, in turn, is followed by representation in the BG.
Timing and duration of behavioral-event representation in the GP compared with cortical areas: insights into neural computation By analyzing selectivity for excited and inhibited responses in the GP, we found that population selectivity for the object, visuospace, goal, and action developed 20 -80 ms earlier in the excited responses than in the inhibited responses. Although the onsets of selectivity differed as a population, among individual neurons, the latencies of excited and inhibited neuronal responses did not differ significantly (Kolmogorov-Smirnov test, p Ͼ 0.05; data not shown). These trends are consistent with previous reports that the latency of excited visual and saccade responses is shorter than that of inhibited responses (Kato and Hikosaka, 1995) . By recording GP neurons while cortical motor areas were electrically stimulated, Nambu et al. (2000) revealed that the early excitatory responses in the GP, which begin ϳ10 ms after stimulation, originate from the subthalamus. In contrast, inhibited responses, which begin ϳ20 ms after stimulation, originate directly from the striatum. Thus, an intriguing possibility is that the hyperdirect pathway via the subthalamus plays an important role in the initial development of goal and action representations, as well as sensory responses in the GP.
We also found that goal and action representations by each GP neuron were transient in nature and much briefer than those in the PMd and dlPFC. Marsden (1982) proposed that "the basal ganglia might focus attention on a single event in the environment, to the exclusion of all others." Subsequently, Houk and Wise (1995) proposed that the BG plays a role in contextual pattern recognition. According to this theory, GP neurons transiently decrease or increase activity, giving rise to sustained activity enhancement (context registration) or suppression (context negation) in the thalamus and cerebral cortex. Our findings of transient GP neuron responses and the sustained responses of PMd and dlPFC neurons are in accord with these proposals. In the present study, after the instruction-cue onset, the onset of the activity reflecting visual objects and goals was comparable in the GP and in the vlPFC, dlPFC, and PMd, suggesting that the GP may provide a signal to inform wide cortical areas that a certain object or goal has appeared, serving to trigger subsequent information processing in these areas. After the choice-cue onset, action representation developed later in the GP than in the frontal cortex, suggesting that the GP may be involved in registering an established action, based on which competing motor programs are suppressed (Mink, 1996) , or subsequent processes for action preparation and execution are initiated.
In contrast to the PMd and dlPFC, we found that the durations of goal selectivity of the vlPFC neurons were as short as those of GP neurons. This finding endorses the proposal that the vlPFC is not essential for maintaining working memory (Rushworth et al., 1997) . Because vlPFC is amply interconnected with sensory association areas, it may play a role in registering sensory and relevant signals rather than maintaining them as memory signals. However, the functional relationships between the GP and vlPFC still remain elusive, calling for future investigations to reveal them.
In the present study, we did not detect any differences in GPe and GPi neurons with respect to the proportion of behavioralepoch selectivity or the timing of appearance of their response selectivity. In view of apparent differences in anatomical connectivity of GPe and GPi, it seems that we need new lines of research to reveal functional specializations in these areas.
Sparse coding in the GP
It appeared that the proportion of GP neurons representing each behavioral factor at individual time bins (200 ms) during the behavioral task in this study was rather modest (Fig. 4) . On the other hand, we found that a majority of GP neurons studied (n ϭ 695, 69% of the total) exhibited selectivity to a component of behavioral factors at any time from the onset of instruction cue to the appearance of GO signal. Thus, the apparent modest numbers of selective neurons at each time interval are considered to be accounted for by the briefness of the duration of selectivity exhibited by individual neurons. By contrast, the magnitudes of 4 (Figure legend continued.) represents a neuron. Neurons were sorted according to the onset of goal selectivity after the instruction-cue onset, from bottom to top. E, Cumulative fractions of the duration of goal selectivity after the instruction cue onset in the GP (light blue), PMd (dark blue), vlPFC (dark purple), and dlPFC (light purple) in the symbolic cue task. F-I, Time of appearance of action selectivity in the GP (F), PMd (G), vlPFC (H), and dlPFC (I). The red dots indicate the time points at which each neuron was selective for the actions. Each row represents a neuron. Neurons were sorted according to the onset of action selectivity after the choice-cue onset, from bottom to top. J, Cumulative fractions of the duration of action selectivity after the choice cue presentation in the GP (pink), PMd (red), vlPFC (orange), and dlPFC (brown) in the symbolic cue task. E, J, The parentheses enclose the number of neurons with the onset of selectivity Յ2000 ms after the instruction-cue onset (for goal selectivity, E) and Յ1500 ms after the choice-cue onset (for action selectivity, J). The p values indicate the results of the statistical analysis conducted with these neurons (Kolmogorov-Smirnov test) examining differences between the GP and the three cortical areas.
selective responses representing each behavioral factor were of considerable degree: activity modulation of GP neurons amounted to 16 -47 spikes/s. The potency of neuronal responses is further characterized by the promptness of activity modulation as revealed by the population selectivity; the selectivity reached the peaks 170 -350 ms after the cue onset. Together, the GP is viewed as coding information with a small number of strongly active neurons at any given point in time during the task. This type of information coding corresponds to the sparse coding, which is thought to be constituting crucial coding mechanisms in sensory (Olshausen and Field, 2004) and motor processing (Hahnloser et al., 2002) . Our present observations suggest that the GP may use the sparse coding in determining behavioral goal and in specifying action. In the future, the sparse coding model might lead to a new perspective on information processing achieved by the cortico-basal ganglia networks.
In conclusion, we compared response properties of GP neurons with those of PMd and lPFC neurons in terms of behavioral goal determination and action specification. Our results indicate that the GP, along with the frontal areas, is involved in initial stages of goal determination based on visual signals. As for action specification, however, GP activity follows the leading activity in the PMd and lPFC. Together with the finding of shorter length of time representing goal and action than in the PMd and dlPFC, our observations point to a unique involvement of the GP in goal-directed behavior.
